Helicobacterpylori can utilise amino acids as the sole carbon energy source. The present study demonstrated that H. pylori grown in continuous culture in a defined medium containing glucose and amino acids utilised alanine, arginine, asparagine, aspartate, glutamine, glutamate, proline and serine. Specific asparaginase and glutaminase enzymes deaminated asparagine and glutamine respectively to aspartate and glutamate, with the production of ammonia. The glutaminase activity was inhibited by 6-diazo-5-oxo-~-norleucine. All the 13 strains of H. pylori tested produced both glutaminase and asparaginase activities. Glutamine is important in the health of the gastric and intestinal mucosa and is a primary energy source for lymphocytes. Depletion of glutamine at the site of H. pylori infection may be of significance in the pathogenesis of H. pyloriassociated diseases such as peptic ulcer and gastric cancer.
Introduction
H. pylori was initially thought to lack fermentative pathways for saccharides [ 11, 2] , but has been shown Helicobacter pylori is a gram-negative, curved, microto utilise glucose [ 12, 131. Investigations into the aerophilic eubacterium. It was first isolated in 1982 nutritional requirements of H. pylori have revealed from peptic ulcer patients [I] . The organism colonises that it is able to grow on defined glucose-free medium the mucosal layer of the gastric antrum and has been [14] ; therefore it is able to utilise amino acids as the implicated in the pathogenesis of type B (non-autosole carbon energy source. The amino acids that H. immune) gastritis, gastric and duodenal ulcers [ 1, 2] pylori uses as carbon energy sources have recently and stomach cancer [ 3, 4] . been described. Arginine, aspartate, glutamate and serine are utilised with asparaginase and glutaminase Several potential virulence factors have been identienzyme production yielding aspartate from asparagine fied, including a vacuolating cytotoxin (VacA) [5] , a and glutamate from glutamine respectively [15] . This cytotoxin-associated gene product (CagA) [6] , acid study reports (i) the continuous culture of H. pylori in and alkaline phosphatases and urease [7] . The urease a defined medium; (ii) confirmation of the utilisation enzyme of H. pylori is constitutively produced at high of arginine, aspartate, glutamate and serine; (iii) levels accounting for up to 6% of the total cell protein confirmation of the production of glutaminase and [S] . The hydrolysis of urea may produce a 'cloud of asparaginase by measuring glutamate, aspartate and ammonia ' [9] that protects the organism from the ammonia production and glutamine and asparagine highly acidic environment of the stomach during the consumption; (iv) the utilisation of alanine and proline initial stages of colonisation. Raised concentrations of as carbodnitrogen sources; and (v) the inhibition of ammonia increase the adherence of H. pylori to glutaminase activity by 6-diazo-5-oxo-~-norleucine. epithelial cells, are toxic to mammalian cells [lo] and cause weakening of the tight junctions between cells [ 81. Therefore, ammonia production has been impli-
Materials and methods
cated in the pathogenesis of H. pylori-associated diseases.
Bacterial strains
Type strains of H. pylori (NCTC 1 1637, 11638 and 1 1916) and clinical isolates (N118, G2245, G2778, (32580, G2985, (33266 and G3571) were subcultured were incubated in a micro-aerophilic environment at 37°C. H. pylori NCTC 11637 was used for all experiments unless otherwise stated.
Batch culture
H. pylori harvested from plate cultures was used to inoculate 250 ml of Brucella Broth (0495-17-3, Difco) containing P-cyclodextrin (C-4767, Sigma) 0.2% and H. pylori-selective supplement (SR147E, Unipath) to give just visible turbidity (c. lo7 cfu/ml). Cultures were sparged with a mixture of 0 2 5%, CO2 lo%, N2 85% at a rate of 75 ml/min and agitated in an orbital shaker at 100 rpm. Broth cultures were harvested at 72-96 h and the bacterial cells were concentrated by centrifugation.
Growth in continuous culture
H. pylori was established in continuous culture as previously described, with filter-sterilised Brucella broth supplemented with fetal calf serum 1% [16] . After 6 days the undefined Brucella broth was replaced with a defined medium (Table 1) with constituents based on the published reports of the nutritional and growth supplement requirements of H. pylori [14, 17, 181 . This medium was filter sterilised. The defined medium was added at a continuous flow rate to give a net dilution rate (D) of 0.03 h.
Estimation of culture biomass and ammonia
At intervals, samples of the chemostat culture were removed. The biomass was estimated by measuring the OD540. Ammonia concentrations in samples was determined by the Berthelot (phenol-hypochlorite) method [ 191. HPLC analysis Amino acids were determined by methods reported previously [20] . Essentially, for analysis of deamination of glutamine and asparagine, samples were deproteinised by ultrafiltration (Millipore 1 OK mol. wt cut-off ultrafiltration unit, 8500 g, 15 min). Samples of 25 pl of ultrafiltrate were freeze-dried. The free amino acids were derivatised with 100 pl of phenylisothiocyanate solution. Samples (10 pl) of the derivatised amino acids were injected on to and separated by HPLC. Quantitative analysis was carried out by comparing samples to amino acid standards 'H' (No. NCI 0180, Pierce, Rockford, IL, USA). Analysis of continuous culture supernates was done similarly.
Determination of protein concentration
The protein concentration of cell suspensions for the determination of specific activities of H. pylori strains was estimated by a modified Lowry method (Sigma P-5656).
Determination of speciJicities of deaminase
Each of 20 amino acids was tested individually as substrate in an assay consisting of amino acid substrate (0.01 M), sodium phosphate buffer (pH7.0, 0.1 M) and bacterial cells (broth culture) at a concentration giving a final OD540 of 0.5 in the reaction mixture. Incubation was at 37°C. At time 0 (blank) and after 1 h the ammonia concentration was determined in duplicate 100-,ul samples.
The asparaginase and glutaminase enzyme activities of H. pylori strains were determined. H. pylori was grown on Columbia blood agar plates for 76 h and harvested into sterile phosphate-buffered saline to give a final OD540 of 1.0. The protein concentration of each suspension was estimated by the Lowry method. Each strain was tested individually in an assay consisting of: amino acid (asparagine or glutamine) substrate (0.01 M), sodium phosphate buffer (pH 7.0, 0.1 M) and a bacterial concentration giving an OD540 of 0.5 in the reaction mixture. Incubation was at 37°C. At time 0 (blank) and after 1 h the ammonia concentration was determined in duplicate 1 00-pl samples.
Glutaminase and asparaginase assay
Deaminase activity was estimated in 0.1 M sodium phosphate buffer, pH 7.0, containing 0.01 M glutamine or asparagine substrate and a bacterial concentration giving an OD540 of 0.5 in the reaction mixture. The rates of change of amino acid concentration in the absence of bacterial cells or bacterial cells without the addition of amino acid substrate were also determined. Samples were removed at intervals from 0 to 7 h centrifuged (15 000 g for 2 min), and the supernates were removed and stored at -70°C before analysis. Samples were later thawed and analysed for ammonia and analysed by HPLC for glutamine and glutamate or asparagine and aspartate. Experiments were carried out in duplicate.
Inhibition of glutaminase activity by 4-diazo-5-0x0-L-norleucine
The effect of the glutaminase specific inhibitor, 6-diazo-5-oxo-~-norleucine (DON) on enzyme activity was investigated. Glutamine and asparagine were assayed as for glutaminase and asparaginase assay with the following modifications. The cell suspension was pre-incubated in the presence and absence of 0.06 mM DON for 15 min. This concentration of DON had been reported previously to inhibit the activity of glutaminases [21] ; the reaction was started with the addition of the substrate (time 0) and the ammonia concentrations were determined in duplicate 50-pl samples at intervals from 0 (blank) to 145 min after the addition of glutamine or asparagine.
Chemostat purity
The purity of the chemostat broth culture was checked each day by inoculation of Columbia blood agar which was then incubated aerobically and micro-aerophilically for up to 5 days. Chemostat broth culture samples and micro-aerophilically incubated agar plate cultures were tested for urease, catalase and oxidase activities and gram-stain morphology.
Results

Continuous culture
measured at intervals. Growth in the undefined medium did not require the addition of acid or base, as the pH remained approximately constant within the set limits (6.5-7.2). Growth in the defined medium (started at day 6) did require the addition of acid and base to maintain the pH. The transition from undefined to defined media was made at a dilution rate of 0.03 h (21 ml/h with 700 ml culture volume). After 18 days of defined medium addition, the residual concentration of brucella broth was therefore < 0.1 %.
The concentration of ammonia in the brucella brothfetal calf serum prior to inoculation with H. pylori was c. 4 mM, and this increased to 18 mM 7 days after inoculation. The concentration of ammonia detected in the urea-free defined medium before addition to the chemostat culture vessel was < 1 mM. The low level of ammonia detected was probably due to hydrolysis of glutamine that occurs naturally in solution. The concentration of ammonia gradually decreased during the transition to defined medium, declining to 5.9 mM.
Twelve days after inoculation of the chemostat a biofilm was observed to have formed on the vessel wall. This was most marked at the gadliquid interface where foaming occurred. Build-up of the biofilm led to inconsistent biomass determinations by optical density, as occasionally sections of biofilm became dislodged. Eventually the overflow (waste) line of the chemostat became blocked with build up of biofilm 24 days after inoculation, and the experiment was terminated. Regular checks of purity confirmed the culture to be H. pylori.
Amino acid analysis of the continuous culture supernate ( Fig. 1) revealed that it had been almost totally depleted of alanine, arginine, asparagine, aspartate, glutamate, glutamine, proline and serine. On the other
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In the continuous culture experiments, growth in undefined brucella broth with fetal calf serum 1% was followed by the transition to a fully defined medium. Throughout the experiment, the biomass, ammonia concentration and pH of the culture were 5 : -'~~E ) ' . "~~s g~, s~;~~a ,~v , q a <~~a~a E a n E >~~ j E 1 -3 Amino acid Fig. 1 hand, there were no significant changes in the concentrations of glycine, lysine and threonine.
Deamination of amino acids
Of all the amino acids tested for deamination by ammonia production only glutamine (relative rate 1) and asparagine (relative rate c. 0.75) were shown to be deaminated by H. pylori. The relative rate of ammonia production from all other amino acids was < 10% of that of glutamine (Fig. 2) . All the 13 strains that were tested for the production of glutaminase and asparaginase activities produced detectable levels of activity, albeit with differing ratios and specific activities ( Table 2 ).
Glutaminase and asparaginase activity
The rate of ammonia production from glutamine or asparagine incubated with bacterial cell suspension was linear with time. In the absence of cell suspension glutamine and asparagine were hydrolysed much more slowly, and cell suspension alone did not yield significant amounts of ammonia (Fig. 3) .
The rate of glutaminase enzyme activity of H. pylori strain NCTC 11637 was significantly inhibited by the glutaminase specific inhibitor DON, as assayed by incubation of cell suspensions with glutamine and DON. The asparaginase activity was not inhibited by DON (Fig. 4) .
Analysis of the products of the action of H. pylori cells on glutamine and asparagine by HPLC showed the production of glutamate and aspartate respectively ( Fig. 5a and b) . The sum of the molar concentrations of substrate and product decreased with time for both glutamine and asparagine. The sum of glutamine plus glutamate decreased from 9.6 mM to 8.1 mM and that of asparagine plus aspartate decreased from 9.7 mM to 5.2 mM.
Discussion
Growth of H. pylori in a complex medium such as Brucella broth supplemented with serum or with (2,6-di-o-methyl)-P-cyclodextrin has been described [22] . The nutritional requirements of H. pylori have been defined [ 14, 181 with charcoal or bovine serum albumin (BSA) as supplements. BSA cannot be regarded as totally non-nutritive, as low levels of peptidases that will hydrolyse the BSA may be produced by H. pylori, thus providing amino acids. Charcoal is insoluble and is impractical to use in continuous culture studies, being difficult to keep as an even suspension during addition of medium. Moreover, it cannot be filtersterilised and it interferes with culture turbidity readings. The present study demonstrated the growth of H. pylori in a defined continuous culture system containing P-cyclodextrin instead of BSA, charcoal or the expensive supplement (2,6-di-o-methyl)-P-cyclodextrin.
The use of continuous culture enables the growth rate of an organism to be controlled by the dilution rate. Under these conditions the biomass yield is limited by the availability of nutrients. In the human host glucose is available as a nutrient, as well as amino acids and therefore glucose was included in the defined medium. The limiting nutrients in this system were not determined.
The concentration of ammonia in continuous culture in the presence of low levels of urea (Brucella brothfetal calf serum 1%) increased gradually from 4 mM on the .day of inoculation to 18 mM at 7 days after inoculation. The level of ammonia was considerably above that which could have been evolved from urea hydrolysis. Moreover, with the constitutive production of high levels of urease it would be expected that all the urea present would be hydrolysed rapidly. Amino acids were the only media components that were present at a concentration sufficient to facilitate the production of ammonia at the levels detected.
The ammonia concentration of the culture declined with the transition to the defined medium from the peak of 18 m M to 5.9 mM. This reflects the higher amino acid concentration of the urea-containing Brucella broth ( c . 20 g/L) compared to the urea-free defined medium (c. 3.4g/L). Brucella broth does not contain high levels of glutamine, because the process of the preparation of the component peptones and tryptones causes its hydrolysis. Therefore, the ammonia detected must have come from other amino acids, a primary candidate being the hydrolysis of asparagine by asparaginase. Additional enzyme activities identified by Men& and Hazell [15] that hydrolyse amino acids releasing ammonia (arginase, aspartase and serine dehydratase) would contribute by hydrolysing arginine to ornithine plus urea (which would yield ammonia upon hydrolysis), aspartate to fumarate plus ammonia, and serine to pyruvate and ammonia. The present analysis of amino acid utilisation showed that alanine, arginine, aspartate, asparagine, glutamate, glutamine, proline and serine were almost totally depleted from the culture medium when H. pylori was grown in the defined medium, thereby supporting the evidence for the production of the enzymes identified by Mendz and Hazell [15] . The final concentration of 5.9mM ammonia is above that which could have evolved from the deamination of glutamine and asparagine. Deamination of all of the utilised amino acids would yield a maximum final concentration of ammonia of 8.9 mM.
Co-incubation of H. pylori with amino acids showed that both glutamine and asparagine were deaminated. In other bacterial species deamination of glutamine and asparagine has been demonstrated to be carried out either by enzymes specific for each amino acid (glutaminase and asparaginase) or by enzymes that deaminate both glutamine and asparagine (glutamine (asparaghe)-ase) [23] .
DON inhibits Escherichia coli glutaminase and
Acineto bacter glutam inasificans glutamine( asparagine)-ase activity but not the asparaginase of E. coli [23] . The glutaminase activity of H. pylori is inhibited by DON and the asparaginase activity is not, indicating that there are at least two enzymes. This is supported by the different ratios of glutaminase to asparaginase activities in the different strains tested.
The presence of glutaminase and asparaginase at different ratios supports the hypothesis that there are at least two enzymes, and their presence in all the strains tested indicates that the activities are important for the nutrition or survival of the organism in the human host, or both. In experiments reported here with whole cells there was a decrease in the sum of the molar concentrations of the substrates (glutamine and asparagine) and their respective products (glutamate and aspartate). This supports the suggestion that enzymes are present that utilise these products [15] . This is particularly prominent in asparagine metabolism, where the sum of the molar concentrations of asparagine plus aspartate decreased from c. 10 mM to 5 m M (Fig. 5b ) when H. pylori was incubated with asparagine. The aspartase activity described by Men& and Hazell [15] produced ammonia and fumarate from the hydrolysis of aspartate, and could account for this decline. Therefore all assays involving the determination of ammonia concentration for the deamination of asparagine are affected by the aspartase activity.
It has been proposed previously that H. pylori deaminates phenylalanine. In the presence of phenylalanine H. pyluri produced keto-acid (detected by ferric chloride) [24] , presumably trans-cinnamate [25] ; the production of ammonia was not reported [24] . Ammonia production by H. pylori in the presence of phenylalanine was not detected in the present study (although this finding may reflect the insensitivity of the assay). Also, neither this analysis of amino acid utilisation nor that by Mendz and Hazell [15] showed depletion of phenylalanine in the culture supernate.
The utilisation of amino acids by H. pylori has now been investigated extensively. This has shown that the few amino acids that are utilised are hydrolysed into the common products glutamate and pyruvate. These are further metabolised to lactate, acetate, formate, alanine and succinate [12, 15, 26, 271 . A possible biochemical model from amino acid metabolism of H. pylori can be produced (Fig. 6) . Products of metabolism of amino acids can be further metabolised by enzymes of the TCA cycle [28] . The eight amino acids identified as being utilised by H. pylori are non-essential for mammals. Of those amino acids not utilised by H. pylori, tyrosine, cysteine and glycine are conditionally non-essential. Therefore it seems that H. pylori is well adapted to utilise readily available non-essential amino acids as carbon energyhitrogen sources [29] .
Emphasis has been placed on the urease enzyme as the major producer of ammonia. The possibility that amino acids are deaminated by H. pylori has not been investigated extensively. The consequence of deamination of amino acids may not only result in increased ammonia production, but also the depletion of substrate amino acids at the site of infection. Both these factors may be of importance in the pathogenicity of H. pylori.
Glutamine is the major amino acid present in the serum, being also the major nitrogen carrier in the human body [30] . It is probable that glutamine difises from the serumhnterstitial fluid or is secreted into the sub-mucus environment of H. pylori. The nutritional significance of glutamine for H. pylori is unknown. Glutamine is essential for epithelial cell health of the small intestine. Traditionally enteral or parenteral nutrition solutions have not contained glutamine, as it is unstable and gradually hydrolyses in solution. Long-term total enteral or parenteral nutrition has been linked to intestinal atrophy. Glutamine stable dipeptides such as alanyl-glutamine or glycyl-glutamine have been shown to ameliorate this effect. Infusion of glutaminase reduces levels of glutamine leading to malhnction of the intestine with associated chronic diarrhoea and villous atrophy [30] .
Cells of the immune system, particularly lymphocytes and macrophages, use glutamine as an energy source [30,3 11. Stimulated lymphocytes and macrophages show increased glutamine utilisation. During infection and trauma, under certain circumstances, the level of glutamine in serum fall, which has been linked to increased utilisation of glutamine. Depletion of glutamine at the site of infection with H. pylori may therefore have immunological consequences leading to persistent colonisation rather than eradication. Therefore it is possible that glutamine supplementation, perhaps combined with agents that specifically block H. pylori glutaminase, may improve the outcome of patients with H. pylori infection.
